Commercial lithium-ion battery cells were cycled to various depths of discharge at various rates while the relative capacities were periodically measured. After 1000 cycles, lithium cobalt oxide (LiCoO 2 ) cathode material was extracted from the most severely aged cell. Nanoindentation was performed on individual LiCoO 2 particles. Fractures in these particles exhibited anisotropic behavior, which was confirmed by electron microscopy and diffraction examination indicating both intra-and inter-granular fracture occurred along {001} planes. Computation of the charge density structure for LiCoO 2 indicated that the Li-O bonds along the {001} planes require the lowest energy for cleavage, supporting the experimental findings. Atom probe tomography (APT) analysis indicated the nanoscale composition distributions within specimens from both fresh and cycled material. Among the cycled particles, nanoscale inhomogeneities in the Li content were observed. For APT specimens containing grain boundaries, accumulation of Li (up to 80 at%) on one side of the boundary was observed. Correlation of the electrochemical, mechanical, and compositional results indicates a combination of these mechanical and chemical mechanisms contributed to the measured capacity fade.
Batteries are inherently mechanical systems, where large, repetitive strains in electrode materials are common upon cycling and the corresponding local stresses lead to fracture. Coupling of local chemistry and mechanical stresses on the nano-to atomic scale controls crack tip formation and fracturing that contribute to irreversible loss of capacity upon cycling. Fracturing is a fundamentally local process, dependent on the weakest links, such as stress concentrations and defects, and is critically influenced by the local environment near the crack tip. Due to the coupling of potentials, stress fields at crack tips can drive diffusion to alter the chemical composition in the area near the crack tip. Conversely, diffusive motion of Li during particle charging and discharging also generates strain in the local region of the transformation interface. Interfacial strain, evidence of fracture, and transformation mechanisms vary widely among Li-ion battery (LIB) materials.
Intra-and inter-granular fracture, amorphization, and pulverization of material have all been observed in LIB systems as a result of the stresses that arise upon intercalation. [1] [2] [3] The magnitude of the mechanical stresses generated upon lithiation is controlled by the direction of transformation propagation, 4 width of phase boundaries, 4 structural anisotropy, 5 and cohesion between adjacent grains 3, 6 -all of which are determined by the chemistry and material structure at the atomic and nanoscale. Fracture events can occur even on the first cycle 6 and decrease the life-time of LIBs in two ways: 1) fragmentation of active particles or decohesion of particles from the electrical percolation path to the current collector leads to dead material that can no longer participate in charging, 7, 8 and 2) even without current path interruption, fracturing exposes new surfaces to solid electrolyte interphase layer formation that irreversibly consume Li. 9 Model simulations have been used to estimate diffusion-induced stresses and strains in cathode particles and composite electrodes of increasingly realistic geometries. 8, 10 While these models have looked at anisotropic strains, they have generally lacked the corresponding anisotropies in the crystal structures and properties. More recent computational modeling has demonstrated a significant effect of crystal anisotropy on Li diffusion, 11 and also, therefore, a stark difference in the chemically induced strain depending on whether isotropic or * Electrochemical Society Active Member.
z E-mail: ddiercks@mines.edu anisotropic material parameters are used. 12 This is supported by strain microscopy measurements that indicated a crystallographic orientation dependency for Li intercalation. 13, 14 LiCoO 2 has become a common LIB cathode material following the discovery of reversible deintercalation of Li. 15 Among possible cathode materials, it has the advantage of a relatively modest volume change upon cycling. 16 Despite this, cells using LiCoO 2 are still subject to capacity fade owing to irreversible changes caused by cycling.
Attempts to directly link chemical and mechanical effects of cycling on LiCoO 2 have been limited mainly because experimental input on the elastic properties and local compositions has been lacking, although recent research has begun to elucidate some of the relevant phenomena and properties. For instance, transmission electron microscopy (TEM) imaging of virgin LiCoO 2 has indicated preferred dislocation vectors all occurring on {001} habit planes, suggesting possible favored pathways for Li diffusion and also potential sites for crack initiation. 17 For cycled LiCoO 2 with high defect densities, some cracking and the conversion from the rhombohedral R3m phase to a cubic spinel (Fd3m) structure on the surface of some particles has been observed. 18, 19 Nanomechanical measurements of elastic modulus, hardness, and fracture toughness have been performed on LiMn 2 O 4 20,21 and multiple orientations of a dense sintered LiCoO 2 specimen and suggest orientation-dependent values. 22 Here, the nanomechanical behavior of individual LiCoO 2 particles extracted from a previously cycled commercial battery is characterized. In particular, the fracture response of these particles was analysed via scanning electron microscopy (SEM), TEM, and electron diffraction. Atom probe tomography (APT) analysis was performed to assess the nanoscale distribution of Li in the cycled particles. Structural and chemical analyses were compared to the computed charge density of the structure to more comprehensively understand electrochemical properties -structure -mechanical properties relationships.
Experimental
The LiCoO 2 material examined in this study was extracted from a commercial 25-mAh pouch cell with a LiCoO 2 cathode and a graphite anode. Upon receipt, all cells were verified for consistent mass (∼0.7 g), 1-kHz AC impedance (∼870 m ), and shipped voltage (∼3.81 V). Cycling was performed with a BT2043 potentiostat/ Table I . All cells were charged using the 1C constant current/constant voltage protocol mentioned above. For each discharge cycle, the 10% and 30% depth of discharge (DOD) cells were discharged from the full charge state by removing a percentage of nameplate capacity. The 100% DOD cells were discharged at the specified C-rate to a 2.75 V cut-off. Results of the aging tests are shown in Figure 1 . A total of 1000 cycles were accumulated over 6 months total test duration. A 1C reference test was performed at the end of each 100 cycles, approximately every 18 days. Of these results, the cell aged at 3 C discharge, 100% DOD condition suffered the most severe capacity loss, with 72% of original 1C capacity remaining after 1000 cycles. Note that the 5 C discharge, 100% DOD cell experienced less capacity loss, presumably due to less coulombic throughput accumulated with each cycle compared to the 3C case due to transport rate limitations as evidenced in Figure S1 . Following an initial break-in period induced by cycling, all six cycled cells degraded at a similar rate as the stored cell, suggesting that cyclable Li controlled their subsequent capacity fade.
Given the different C-rates and DODs of the six cycle aging conditions, certain cells would reach their periodic 1C capacity check at 100 cycles sooner than others. Those cells then rested for several days before their next 100 aging cycles were started. During this storage period, cells would often recover some of their 1C capacity. Figure 1 shows this apparent recovery of capacity for the 3C, 100% DOD aged cell, where an additional 1C capacity test was run following the storage period. This behavior is indicative of Li redistribution across very slow transport pathways. Observations of inhomogeneous Li distribution in LiCoO 2 are discussed further in the next section. Following 1000 cycles, the most severely aged cell (3C, 100% DOD) was subjected to additional analyses. The cell was fully discharged at the 1 C rate and then disassembled in an inert atmosphere glove box. Individual cathode sheets were gently rinsed in dimethyl carbonate three times and allowed to dry overnight in the glove box. The charged cathode was transferred to a second glove box, and rinsed in acetone. Active material from the cathode was scraped from the current collector and sonicated in acetone for a few minutes to disperse particles of binder, carbon, and LiCoO 2 . The resulting powder was collected and embedded in a room-temperature cured epoxy mount. The specimen was then ground and polished using standard ceramographic techniques down to a final polishing step of 0.25 μm diamond. Lapping oil with diamond polish paste and non-aqueous rinse solvents were used to avoid exposure to water. The average particle size was ∼12 μm in diameter.
Nanoindentation was performed with a Hysitron TI-950 nanoindenter (Hysitron Corp., Minneapolis, MN USA), equipped with a cube corner-geometry diamond tip, on particle cross-sections exposed by polishing. Indentation tests were performed on LiCoO 2 particles by indenting to a preliminary load of 700 μN over 2.5 s, unloading over 2.5 s, and then indenting to a load of 10 mN over a 2.5 s interval, followed by unloading at the same rate. The sample was examined using SEM for image acquisition following indentation. Scanning electron micrographs were collected using an FEI Helios 600i dual beam focused ion beam (FIB)-SEM instrument (FEI Co., Eindhoven, the Netherlands) using a 5-kV accelerating voltage. Lift-out sections for TEM analysis of some of the fractured particles were prepared using the FIB at 30 kV for initial milling and thinning and 2 kV for final thinning. It was found that in many cases the fractures propagated downward through the entire particle, resulting in a loss of stability of the lift-out section during thinning. Therefore, the lift-out procedure was modified to rotate the lift-out section 90
• before attaching to the TEM grid post. Local ion-beam assisted platinum deposition along what was previously the bottom surface of the section was used to maintain the mechanical integrity of the section during the subsequent thinning. TEM analysis was performed on a Philips CM200 instrument (Philips, Eindhoven, the Netherlands) at a 200 kV accelerating voltage. Selected area diffraction was used for determination of the crystal phase and orientation.
The charge density analysis was carried out with the BAND2013 package. [23] [24] [25] This package uses atomic orbital basis sets. Results shown and discussed employed a polarized triple zeta basis set without frozen cores, and though the geometric features of the charge density are not particularly sensitive to the choice of density functional, the Vosko, Wilk, and Nusair local density approximation was employed to the exchange and correlation. 26 The Becke fuzzy cells integration scheme was used for real space numerical integration. 27 A quadratic tetrahedron method was used for numerical integration over the Brillouin zone, which was sampled using a minimum of 16 k points in the irreducible wedge. Tecplot (Tecplot, Inc., Seattle, WA USA) was then used to find the critical points in the charge density using a grid spacing of 0.05 angstroms.
Specimens of both fresh and cycled particles that had not been indented were analysed by APT using a LEAP 4000X Si instrument (Cameca, Inc., Madison, WI USA). These specimens were prepared using a standard lift-out procedure 28 and were mounted to hardware that allowed for imaging of the APT specimen in the TEM. 29 Laserpulsed APT analyses were performed at base temperatures of 35-40 K, pulse frequencies of 625 kHz, and laser energies from 1-100 pJ. Data were reconstructed in 3-D using IVAS v3.6.6 software (Cameca, Inc., Madison, WI USA) as well as input from TEM imaging of the APT specimens pre-and post-analysis.
Results and Discussion
Experimental mechanical analysis.-Nanoindentation data collected from individual LiCoO 2 particles uniformly exhibited frequent displacement jumps, known as pop-ins, during the loading segment of each test (Figure 2a) . SEM micrographs collected after indentation revealed particle fracture originating close to the indentation sites. Additionally, fractures sometimes propagated all the way to the edges of the particles. The prevalence of fracturing precluded the accurate extraction of elastic modulus and hardness data from the nanoindentation load-displacement data. This behavior occurred in the fresh material as well; no statistically significant differences in elastic modulus or hardness between the fresh and cycled material were observed.
Close examination of SEM micrographs following indentation showed atypical fracture behavior. Although fractures appeared in close proximity to the residual indentation imprint, indicating that they were caused by indentation and were not pre-existing, they took on seemingly random orientations with respect the residual indentation geometry. The fractures often did not propagate outward from the locations of highest stress concentration, which are the corners of the pyramidal indentation geometry. These effects can be seen in the SEM micrographs in Figure 2 . Three main types of cracking behavior were observed as depicted in Figure 2 . In Figure 2b , a crack propagated straight through the particle but not from a corner of the indentation. In Figure 2c , the crack initially propagated from a corner of the indentation, but then switched to a different direction. In Figure 2d , the fracture originated in multiple parallel cracks on opposing sides of the residual indentation.
Because the cracks either did not originate from the highest stress concentrations (Figure 2b and Figure 2d ) or did not continue along the initial crack direction (Figure 2c) , there is some factor other than the stress that was impacting fracture propagation. These fracture behaviors suggest an orientation-dependent anisotropic response of the particles and further preclude accurate extraction of fracture toughness values using established methods. 30, 31 In order to study the anisotropic dependency of fracturing in more detail, sections of the fractured particles just adjacent to the indentation were prepared for TEM analysis, using in-situ FIB techniques. These were oriented with the surface crack direction perpendicular to the lift-out section. As described in the Experimental section, these sections were rotated before being attached to the TEM grid post so that the integrity of the particle on both sides of the crack could be maintained.
The bright-field TEM image ( Figure 3a ) and corresponding selected area diffraction patterns (SADPs) (Figure 3b and Figure 3c ) of a crack of the type depicted in Figure 2b indicate intra-granular fracture. This is shown by consistent crystal orientation on either side of the crack, determined through indexing of the SADPs while taking into account pattern rotation. By tilting to multiple zone axes, phase identification and SADP indexing were performed. The SADPs in Figure 3 are consistent with a 110 zone axis for the rhombohedral R3m phase. Together these indicate a {001} fracture plane for this crack. Figure 4a shows a bright field TEM image from cracks of the type depicted in Figure 2d . In this case, the particle was polycrystalline comprising one larger grain and several smaller grains. The corresponding SADP in Figure 4b - Figure 4d and dark field image in Figure S2 in the supplemental material confirm the polycrystalline nature of the particle. As was seen in the SEM images of the particle, several cracks are apparent. From the diffraction, these were determined to be a mix of intra-and inter-granular fracture. Again, the SADPs are all consistent with a 110 for the rhombohedral R3m phase. As shown in Figure 4a and highlighted in Figure S2 , both the intra-and inter-granular fractures exposed {001} surfaces. What is also of note is that, in this case, the cracks all terminate at grain boundaries within the particle.
The SEM analysis in conjunction with TEM analysis indicates not only an orientational anisotropy in the fracture of LiCoO 2 particles, but moreover provides experimental evidence that the {001} are particularly weak crystallographic planes. The preference for fracture along a preferred plane readily explains the crack paths seen in Figure  2 . The possibility of fracture toughness anisotropy in LiCoO 2 was explored in Ref. 22 , although large scatter in measured values prevented conclusive identification of direction-dependent properties. It should be noted, however, that Ref. 22 utilized large-grain, sintered LiCoO 2 , as opposed to the particulate LiCoO 2 studied here, which may impact the fracture behavior due to differences in boundary constraints. The present study provides further evidence of anisotropic fracture behavior in LiCoO 2 , which is evaluated on the basis of crystallography and bonding in the next subsection.
Computational mechanical analysis.-The charge density of the structure was computed to further evaluate these experimental findings. Figure 5 shows the crystal structure of LiCoO 2 . This structure can be described as having O atoms located on a distorted FCC lattice with Co and Li atoms occupying the octahedral holes on alternating planes, which gives rise to a series of hexagonal layers normal to the c-axis composed of one atom type, e.g., O, Co, O, Li, etc. The fracture observed experimentally may occur through separation of either the O-Co planes or the O-Li planes.
To determine the electronic basis of the cleavage and the specific bonds broken in this process, the quantum theory of atoms in molecules (QTAIM) 32 and its extensions [33] [34] [35] [36] [37] were exploited to perform a topological and geometric analysis of the charge density. Such analyses have proven useful when attempting to elucidate the origins of the deformation 38 and fracture 39 properties in metallic systems. Briefly, the quantum theory of atoms in molecules uses the topological and geometric properties of the charge density (a scalar field represented here as ρ(r)) to describe a molecule or solid's electronic structure. Particularly relevant to this discussion is the characterization of a bond path as a ridge of electronic charge density extending from one nucleus to another. A necessary and sufficient condition for the existence of such a ridge is the presence between the bound atoms of a saddle point in ρ(r), which has one positive and two negative principal curvatures. Because such a point is a necessary and sufficient condition for a bond path, this critical point is often denoted as a bond critical point and many properties of the topological connection, such as its stiffness, can be inferred from the shape of the charge density around this point. 40 ,41 Figure 5 shows the computed bond paths of LiCoO 2 . Significantly, there are only interlayer bond paths. Each O atom is bound to three metal atoms of one type in the layer above (e.g., Co atoms in Figure 5 ) and three of the other type in the layer below (Li atoms). Additionally, there are three bond paths connecting interlayer O atoms through the Li-planes. The regions around such second neighbor bonds have been shown in metallic systems to facilitate charge redistribution during cleavage and thereby reduce the work of separation. 39 A significant bond path property is its charge density modified directionality, D, a tensor property that controls both the shape and dynamics of the charge density given by,
where ρ o is its value of ρ(r) at the bond critical point, ρ ⊥⊥ is the magnitude of the curvature of ρ(r) at a bond critical point perpendicular to the bond path, while ρ is the curvature of the charge density at the same point but in the direction parallel to the bond path. This quantity has been shown to correlate with bond stiffness. 35, [40] [41] [42] Normalizing D to that of the O-Co bond, we find D for O-Li and O-O to be 0.199 and 0.111, respectively. That is, the bond path of O-Li bond is one-fifth as stiff as is the O-Co bond path and the O-O bond path is one-ninth as stiff as the O-Co bond path. These results indicate that the effective compliance between O-Li layers is substantially greater than that between O-Co layers. Thus, when subject to elongation, strain will localize between the planes that are more compliant, i.e., between the Li-O planes.
Finally, the number of electrons associated with the Li-O bond bundle was determined ( Figure 5 ). This quantity is equivalent to the chemical concept of bond order. 35 As expected, it is low with each Li-O bond containing approximately one electron, giving it a bond order of one-half. This observation suggests that the Li and O surfaces are also the lowest energy surfaces, as only minimal work will be required to rearrange the charge across these planes.
Thus, in agreement with the experimental observations, cleavage is expected to occur on {001} planes, and of the two possible separation mechanisms, thermodynamically and kinetically it is expected that separation occurs between the O and Li layers.
These conclusions are consistent with more detailed density functional theory investigations to explain crystal morphology as a function of LiCoO 2 surface energies. For example, Kramer and Ceder 43 found that of the half dozen low index surfaces they investigated, the Li and O terminating {001} surface had the lowest energy throughout the range of the chemical potentials considered. Several density functional theory studies, e.g., Kim et al., 44 have concluded that surface energies are proportional to the number of broken transition metal-O bonds. Our investigation comes to the same conclusions from a somewhat different perspective, providing confidence in the developing consensus as to the strength and dynamics of the inter-layer bonds in LiCoO 2 . Figure 1 , some capacity recovery was observed for the 3C, 100% DOD aged cell where an additional 1C capacity test was run following the storage period. This behavior is indicative of Li redistribution across very slow transport pathways. To assess the nanoscale composition of these materials in the context of likely {001} plane fracture during cycling, APT was employed. It is one of the few techniques that can quantitatively assess the local, sub-nm composition of all of the constituent species, including Li, in three dimensions. A representative mass spectrum is shown in Figure S3 in the supplemental material. Prior to APT analyses of the cycled specimens, analyses of fresh LiCoO 2 at different laser energies were performed, as shown in Figure S4 in the supplemental material. During the aging experiments on other cells, the fresh cell was left at ∼30% state of charge to minimize aging during storage. The analysis of the fresh material generated a baseline with which to compare the compositions measured for the cycled material. Figure 6 shows the 1-D composition profiles from a fresh LiCoO 2 specimen and for two different cycled specimens. The composition in the fresh specimen (Figure 6a ) is seen to be nearly the stoichiometric LiCoO 2 that would be expected. Likewise, one of the specimens from a cycled particle (Figure 6b) shows a similar profile. However, that of another cycled specimen (Figure 6c ) indicates a deficient Li content. Thus, the overall measured capacity fade is not caused by a uniform loss of Li intercalation, but shows variation from particle to particle.
Experimental chemical analysis.-As shown in
Additionally, when examining APT specimens that had grain boundaries in them, as identified by TEM, a difference in Li composition near the grain boundary was observed. This is shown for two specimens in Figures 7 and 8 . In the specimen shown in Figure 7 , a concentration of up to 35 at% Li was observed near the grain boundary; in the specimen shown in Figure 8 , Li concentrations approaching 80 at% were observed. These nanoscale compositional heterogeneities are indicative of some Li becoming locked up in the structure and being unable to participate in the charging and discharging processes. These findings provide experimental support for theoretical anisotropic diffusion pathways for Li in LiCoO 2 . Orientations that allow for easy transport of the Li may result in pile-up at a grain boundary where the adjacent grain has a less mobile relative orientation. Additionally, disorder at the grain boundaries due to poorly matched orientations of adjacent grains may result in more blocking boundaries.
Mechano-electro-chemical discussion.-The observed capacity loss upon cycling shown in Figure 1 may well be due to the fracturing of particles, creating regions that are physically disconnected from the rest of the cathode material. The indentation tests and subsequent electron microscopy imaging and diffraction of the crack regions indicated a strong anisotropy with fracture occurring along the {001} planes. Computational analysis further supports that the bonding between Li and O atoms on this plane is particularly weak. Through the fracture of particles, Li species may become isolated from the rest of the particle network, no longer participating in charging and discharging, leading to capacity loss. As these fractures would happen at different points in the charge/discharge cycle for different particles, it would be expected that the Li content of isolated particles would vary. The APT results provide support for this-they indicate that there are indeed heterogeneities, with particle-to-particle variability in the Li content. Some particles from the cycled cell appear to have maintained their full capacity as indicated by the composition in Figure 6b , whereas other particles, such as in Figure 6c , exhibited diminished Li content.
Additionally, the observation that cracks in LiCoO 2 terminate at some grain boundaries in the polycrystalline particle (Figures 4a and  S2) suggests that the {001} plane is structurally weaker than at least some grain boundary planes. This is significant in that it suggests a method by which fracture of LiCoO 2 may be reduced-by controlling both the grain size, for which a critical grain size has been previously suggested and calculated for LiCoO 2 , 6 and the orientation. Regarding the orientation, it has been shown that the differences in surface energies for LiCoO 2 tend to result in textured growth, 45, 43 which means that even in a polycrystalline specimen, the weak cleavage planes are not randomly distributed. By tailoring the crystal growth such that {001} planes are randomly distributed or, even better, distributed in a controlled fashion, such as orthogonally in adjacent grains, fracture and the corresponding loss of Li intercalation capacity may be mitigated. However, the mechanical structure cannot be divorced from the chemical structure, and transport of Li perpendicular to the {001} planes has been thought to be a slow process. 45 This possible crystallographic dependency of Li transport is further supported by the electrochemical and APT data here. Correlating the electrochemical cycling data and APT analysis strongly suggests a chemical mechanism for the capacity fade-that some interfaces are impeding Li transport during cycling. The capacity recovery of cells during storage indicates that additional Li migration was occurring during that time. This is indicative of slow diffusion pathways leading to non-uniform distribution of Li after cycling. Supporting this, APT results indicated nanoscale heterogeneities in particles containing grain boundaries. In these specimens, an unexpectedly high Li content (up to 80 at% in one case) on one side of those boundaries was observed. It was not clear what the phase of the material in this Li-enriched region was and the reasons for Li accumulation are also still unclear at this point. However, it can certainly be envisioned that crystallographic orientations that allow for easy transport of the Li may result in Li accumulation at grain boundaries where the adjacent grain has a less mobile relative orientation.
Because some of the capacity was recovered and some was not, both the mechanical and chemical mechanisms described above likely contribute to the capacity fade observed in the electrochemical cycling. Furthermore, these mechanisms may not be acting in isolation from each other. The non-uniform distribution created by Li accumulation may be causing additional stresses leading to fracture and possible phase changes.
Conclusions
Electrochemical cycling of commercial LIB cells indicated a capacity fade of up to nearly 30% after 1000 cycles, some of which was recovered during storage. Nanoindentation of LiCoO 2 particles from the cathode displayed atypical fracture behavior. Three types of fractures were observed:
1 cracks propagating through the indentation. but not from a corner, 2 cracks initially propagating from a corner but subsequently switching direction, and 3 multiple parallel cracks on either side of the indentation. Electron microscopy and diffraction analysis showed that these were a result of both intra-and inter-granular fracture along {001} planes of the rhombohedral R3m phase. Supporting the experimental findings, computation of the charge density for this phase indicated that the Li-O bonds of the {001} planes are particularly susceptible to cleavage. Under the appropriate analysis conditions, APT on fresh LiCoO 2 provided quantitative nanoscale composition measurements consistent with the expected stoichiometry. Using the same analysis conditions, cycled particles showed particleto-particle variation in the Li composition indicating that some particles likely became disconnected from the rest of the network resulting in diminished capacity. Additionally, specimens with grain boundaries displayed an unexpectedly large accumulation of Li on one side of the boundary. This, along with observed capacity recovery during storage, indicates a chemical mechanism by which capacity loss can occur. It is thought that this may be due to relatively slow diffusion of Li along some crystallographic directions. The combination of these analyses indicates that the observed capacity fade was a result of both mechanical and chemical contributions.
